• Chronic exposure to indoor radon could be associated with an increase in mortality from lung, stomach and brain cancer.
H I G H L I G H T S
• Chronic exposure to indoor radon could be associated with an increase in mortality from lung, stomach and brain cancer.
• Ingestion of water containing dissolved radon would entail exposure of the stomach and other organs of the digestive system.
• The mixed regression models applied allow misaligned data analysis involving a fusion of lattice and geostatistical data.
G R A P H I C A L A B S T R A C T
Spatial distribution of radon levels (left) and stomach cancer mortality in women in Galicia (right). Radon levels on the estimation grid are based on the SPDE-INLA model. Municipal distribution of stomach cancer mortality in women, based on BYM modeling, depicts the posterior mean relative risk (RR) for every town across a ten-year period 1999-2008. a b s t r a c t a r t i c l e i n f o
Introduction
Radon is a gas that can seep into dwelling interiors fundamentally from the soil, though it can also come from water and construction materials. In its radioactive decay, its progeny is inhaled or ingested, leading to the exposure of lung tissue and other organs. Evidence of its carcinogenicity comes from epidemiologic studies on underground miners (uranium and other ores), who worked in areas with high radon levels. The radon exposure levels found in homes are not comparable to those experienced by such miners. Exposure to radon and its consequences are a serious public health concern, and have been included in the recommendations of the European Code Against Cancer (Schüz et al., 2015) . Based on the results of general population studies, the 2009 WHO report proposed that exposure levels be lowered to 100 Bq/m 3 (Zeeb and Shannoun, 2009 ).
The possible etiologic relationship between radon and tumor sites other than lung is controversial. Reanalysis of pooled miner data has yielded differing results: in addition to excess deaths from lung cancer, the 28 tumor sites analyzed also displayed significant excess mortality for stomach cancer (O/E 1.33), primary liver cancer (O/E 1.73), and leukemias (O/E 1.93). When cumulative exposure was studied, however, no associations were found (Darby et al., 2005) As a result, Darby et al., concluded that high airborne radon concentrations did not cause a material risk of mortality from cancers, other than lung cancer in miners.
Although the results of ecologic studies were rejected for a number of reasons in "The Health Effects of Exposure to Indoor Radon" report issued by the USA National Research Council Committee on Biological Effects of Ionizing Radiations (BEIR VI) (NRCC-BEIR, 1999) , subsequently new ecologic studies were undertaken using a more refined methodology, and some indicated the existence of an association between indoor radon and other cancers. One of these studies used aggregate radon measures from US counties and sought to link these to multiple tumor sites (Turner et al., 2012a; Turner et al., 2012b) . It is well established that radon is a cause of lung cancer, yet there is still uncertainty about the dose absorbed by organs other than the lung, arising from exposure to radon progeny (Marsh et al., 2012; Miles and Cliff, 1992; USNRC, 1999) , since contradictory results have been published.
The principal source of radon-progeny exposure in homes is emanation from topsoil and rock below ground. In a few special situations, well water or building materials can contribute substantially but they make relatively small contributions to the overall dose (NCRP, 1984) . Furthermore, arsenic (As) content in topsoil may have a confounding effect, due to its association with lung cancer and tumors of the digestive tract, and its geologic coexistence with uranium and radium (Nuñez et al., 2016) .
The study reported here sought to use data on indoor-radon levels, based on more than 3000 sampling points, and on As content in topsoil, based on a grid of 1600 points, to ascertain their influence on the distribution of cancer mortality in 313 Galician towns. In the literature, this is known as point areal spatial misalignment (Finley et al., 2014) , though there are authors who prefer the term, "change of support problem" (Gotway and Young, 2002) . In addition to As topsoil content, our analysis took into account sociodemographic variables and municipal altitude, by fitting spatial/geostatistical models suited to the analysis of misaligned data.
The aim of this study was to assess the association between residential radon levels and mortality due to different types of cancer in a radon-prone area such as Galicia (NW Spain).
Methods

Study setting
Galicia is a region situated in northwestern Spain, bordered to the south by Portugal, to the north and west by the Atlantic Ocean, and to the east by mainland Spain. Half the total population of 2,700,000 lives in the countryside, mainly in single-family detached homes. Public health coverage encompasses 97% of all inhabitants.
Mortality data
A detailed description of the mortality data and soil samples collected can be found in a previously published study (Nuñez et al., 2016) . Briefly, mortality data (observed cases) for each of Galicia's 313 towns were drawn from the records of the National Statistics Institute for the study period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . Expected cases were computed using Galician mortality rates for 14 types of malignant tumors as reference (Table 1) , with a total of 56,385 deaths due to the tumors analyzed.
Radon data. Selection of measuring points. Radon maps in Galicia
The Galician Radon Map (GRM) project is a cross-sectional study conducted by the Galician Radon Laboratory and launched in 1991 at the University Cantabria and in 2001 at the University of Santiago de Compostela. Random sampling based on the 1991 census was performed to select the dwellings to be included in the GRM. The sample was stratified by district and weighted by the population to ensure that districts with a larger population had proportionally more measurements. All subjects over the age of 18 who consented to participate were included in the final study. For completion of the GRM, control measurements from two previous case-control studies on residential radon and lung cancer were also used. A total of 3371 indoor radon measurements were included (Barros-Dios et al., 2012; Torres-Durán et al., 2014b, p.) .
Alpha-track type radon detectors CR39 (Radosys Inc., Budapest, Hungary) were installed and, in the majority of cases, positioned in the main bedroom or living room, for a period of 3 to 6 months. The detectors were placed well away from doors, windows and electric devices, at a height of 60 to 180 cm off the floor. At the end of the measurement period, the detector strips were revealed under standard conditions in the Galician Radon Laboratory, located at the Santiago de Compostela University Clinical Teaching Hospital. The laboratory's measurement processes underwent quality-control testing by the Nuclear Safety Council of Spain and the accredited ENAC laboratory of the University of Cantabria and were pronounced excellent (Vargas and Ortega, 2007; Vargas and Ortega, 2006; Gutierrez-Villanueva et al., 2013) . All radon measurements were adjusted, taking seasonal variations into account.
Arsenic in topsoil
Across the period June 2008 through November 2010, a total of 21,187 residual soil samples (13,505 from the surface horizon and 7682 from the deeper horizon) were collected at a total of 13,505 sampling points (13,317 in mainland Spain, and 188 on the Canary and Balearic islands). For analysis purposes, we used the 1069 samples from Galicia. Unlike topsoil, residual soil is found in the geologic substratum and is therefore not transported. The residual soil samples were analyzed by instrumental inductively coupled plasma mass spectrometry (ICP-MS). The element included in this analysis was As. A detailed description of the sample-collection and chemical-analysis techniques used can be found in the Geochemical Atlas of Spain (Locutura et al., 2012) . All laboratory determinations were performed at Activation Laboratories Ltd. (Actlabs, Ontario).
Statistical analysis of spatially misaligned data
Whereas cancer mortality data are aggregated at a town area level, data on residential radon and As topsoil concentrations are measured and recorded at sampling locations across the country. To take this distinction into account, we adopted an approach whereby spatial variations in radon and arsenic concentrations (sampling locations) and in relative risk (RR) of cancer mortality (town locations) were jointly modeled and estimated (spatially misaligned data).
Let expos i denote the radon concentrations at each town centroid location s i , and assume for the moment that these values are known. Assume that the observed number of cases O i in the ith area is Poisson distributed with a mean of E i λ i , where E i is the expected number of cases in that area and the relative risk λ i follows a log-linear model, such that:
where α is an intercept, β is the coefficient for the exposure covariate expos i , v i are unstructured normal residuals, and u i are spatially structured effects which follow an intrinsic conditional autoregressive model, namely, the Besag, York and Mollié model (BYM) (Besag et al., 1991) . Inference for the primary parameter of interest, β, is made in a Bayesian framework, and prior distributions are specified for all parameters.
In point of fact, the exposure covariate expos i is not directly observed. Instead, we observe the concentrations of radon r j at sampling locations s j . For these observations, we assume the log-linear model
where x j is the realisation of a Matérn Gaussian field at location s j , and σ x 2 is a measurement error variance. It therefore follows that, in the previous model, expos i is a latent variable equal to x i and its relationship with the RR of mortality can be assessed through joint estimation of models (1) and (2). This approach takes into account the heterogeneity of the measurement error in the radon concentration at the centroids, inasmuch as some areas may contain very few sampling points or be characterized by great variability of the radon concentrations lying within them. Consequently, areas that furnish more accurate information about their respective radon concentrations will play a larger role in the inference about the overall exposure effect, β.
To control for the potentially confounding effect of As topsoil concentrations on this inference, this variable should be included in the model. However, As concentrations were not observed at the town centroids, thus again posing a misalignment problem. As with radon, a loglinear model such as Eq. (2) was therefore used to model the variations of the observed arsenic concentrations.
The Gaussian fields associated with the radon and arsenic concentrations were approximated using the stochastic partial differential equation (SPDE) method (Lindgren et al., 2011; Lindgren and Rue, 2015) , as implemented in Integrated Nested Laplace Approximation (R-INLA) (Rue et al., 2009; Rue and Martino, 2010) . Both random fields are discretized on the same triangulated mesh of Galicia. The choice of the mesh resolution (number of vertices) is a compromise between the accuracy of this approximation and computational costs. To solve this trade-off, we used an information criterion based on the greatest length of the triangle edge allowed, and tried to reduce the computational load, with the selected value of this length being 3 km. The extension of the mesh with a lower resolution around the Galicia was constructed to control for boundary effects.
In addition to model (1), another ecological regression (Eq. (3)) was considered to account for potential sociodemographic and environmental confounding factors:
where the socio-demographic indicators (Soc ij ) were obtained from the 1991 census and considered for their availability at the city level and potential explanatory ability vis-à-vis certain geographic mortality patterns (López-Abente et al., 2006) . These indicators were: population size (categorized into three levels, i.e., 0-2000 [rural zone], 2000-10,000 [semi-urban zone] and greater than 10,000 inhabitants [urban zone]); percentages of illiteracy, farmers, and unemployment; average number of persons per household; and mean income. The centroid altitude of each town was also included in the models (Kropat et al., 2014) . The exposure variable (radon) was transformed by means of its log 2 for the purposes of normalizing it, as required by the model, and facilitating its interpretation. RR was interpreted as the increase in mortality for a twofold increase in exposure. Maps were plotted showing the spatial distribution of mortality due to selected tumors in men and women across a 10-year period (Galicia 1999 (Galicia -2008 . The maps depict the posterior mean RR for every town (mortality versus the average for Galicia) obtained from BYM modeling without explanatory covariates. Table 1 shows the number of cases by cancer site. Over the tenyear study period, there were 56,385 cases distributed among the fourteen tumor sites targeted, with the most frequent being lung, colorectal and prostate cancer in men, and colorectal, breast and stomach cancer in women. Indoor radon levels and As topsoil concentrations are shown in Table 2 . In Galicia, the interquartile range for radon levels was 53 to 184 Bq/m 3 , while that for arsenic concentrations was 7 to 30 mg kg − 1 . The median radon level in Galicia was 104 Bq/m 3 versus 56 Bq/m 3 for Spain as a whole (Quindos et al., 2008) . Fig. 1 shows the distribution of the radon measurement points on the estimation grid and mesh used in the models. Fig. 2 shows the level plot of posterior mean radon obtained by the SPDE model on the grid and municipalities in Galicia, taking sampling intensity into account. The maps in the right hand column show the precision of the estimates (Krainski et al., 2016) . Table 3 shows the change in RRs of mortality, along with their 95% credibility intervals (CIs), for twofold increase in indoor radon, for each of the tumors analyzed. The table is stratified by sex and shows the results from the four models. RRs with CIs that do not include unity are marked in bold.
Results
The analysis adjusted for sociodemographic variables and arsenic in topsoil showed a statistical association between residential radon and lung, stomach and brain cancer. This association was observed in women only. The effect measure of radon was 1.17 (95% CI 1.02, 1.32) in stomach cancer and 1.28 (95% CI 1.13, 1.50) in brain cancer. This RR indicates the increase in mortality for a twofold increase in exposure, e.g., in the case of lung cancer mortality in women, the RR was 1.09 (95% CI 1.00, 1.23). Fig. 3 shows the municipal distribution of lung, stomach and brain cancer mortality in men and women in Galicia. Whereas the spatial pattern of stomach cancer mortality was very similar for men and women alike, lung and brain cancer mortality patterns differed between the sexes.
Discussion
Our results suggest that radon concentration in the interior of homes in Galicia is statistically associated with higher lung, stomach and brain cancer mortality among women. In men, however, no association with any tumor was found.
The choice of Galicia for carrying out this study is highly relevant for a number of reasons. First, owing to the region's geologic structure, it is an area with high radon levels, thereby making it the ideal place for studies seeking to model the dose-response between radon and the appearance of neoplasms. In other places where these types of studies have been conducted, radon concentrations are low, thus making observation of an effect more difficult (Bräuner et al., 2013) . Second, the local population tends to live longer in the same home, better fitting our study's assumptions of chronic exposure. The median duration of residence was around 30 years in the same dwelling, something that does not tend to occur in the English-speaking world (Torres-Durán et al., 2014b) .
The asymmetry between men and women in the results warrants comment. This was most noteworthy in the case of lung and, possibly, stomach cancer, since excess risk was solely detected in women, and both of these are tumors associated with smoking habit. Tobacco use may conceivably be the principal factor masking these associations. Among women in Spain, the generations that entered the ranks of smokers were those born from the 1940s onwards, so that our results in women are of special relevance, inasmuch as they included cohorts that had not smoked (López-Abente et al., 1995) . Another component of the explanation might lie in the fact that, in Galicia, women tend to spend more time indoors (housewives) (Torres-Durán et al., 2014b) and to consume more water than do men (Mateos et al., 2002) . This phenomenon, consisting in the fact that risk is detected solely in nonsmokers, is a constant in the study of the relationship between cancer and radon, there being a high number of studies which focus on nonsmokers. Different studies have indicated that radon also causes lung cancer in never smokers, as is the case of the pooled analyses performed by European (Darby et al., 2005) and North American authors (Krewski et al., 2005) . Similarly, recent studies on never-smokers in Galicia indicate that there is a higher risk of lung cancer above 200 Bq/m 3 (Torres-Durán et al., 2014b); and a recent review of available studies suggests a possible relationship between residential radon exposure and lung cancer risk in never-smokers (Torres-Durán et al., 2014a) . Another important area of discordance is brain cancer in men and women and its relationship with radon. Since central nervous system (CNS) tumors are associated with ionizing radiation, it is biologically plausible that residential radon might increase the risk of such tumors. Exposure to ionizing radiations has been shown to increase the risk of CNS tumors in children and adolescents exposed to computed tomography scans (Mathews et al., 2013) . However, the results published are controversial and there are few general population studies. A Danish cohort study observed a statistically significant association between residential radon and CNS tumors (Bräuner et al., 2013) but another important cohort study showed no association between mean county radon levels and CNS tumor mortality (Turner et al., 2012a) . Unfortunately, these studies do not furnish data stratified by sex and smoking status. A recent study, also undertaken in Galicia but using a different methodology, shows a correlation between CNS cancer mortality and indoor radon .
In the case of radon risk, the limitations of ecologic studies are particularly serious because of the presence of smoking, which constitutes an overarching risk factor for lung-cancer. As noted above, cigarette smoking causes a 1000 to 2000% excess risk of lung-cancer (NRCC-BEIR, 1999) . Even so, smoking probably does not act as a confounding variable in the relationship between residential radon and lung cancer (and possibly other cancers), since it is not known if residential radon exposure is associated with smoking. Smoking acts as a strong effect modifier, and a submultiplicative interaction has been shown between radon exposure and smoking (Barros-Dios et al., 2002; Barros-Dios et al., 2012) .
In exposure to indoor radon, the bronchial epithelium would presumably be the tissue that received the highest dose of ionizing radiation, yet the upper respiratory tract and skin would also be exposed, along with other organs, such as the kidneys and bone marrow. Furthermore, ingestion of water containing dissolved radon would entail exposure of the stomach and other organs of the digestive system (Kendall and Smith, 2002) . River water is commonly used for supplying medium-and large-sized urban areas, while groundwater is used in lightly populated and rural areas as well as in individual dwellings and small industries. Galicia possesses a fractured soil rich in uranium-238 ( 238 U), together with important water resources that act as transport, with a correlation between their radiologic content and the gamma exposure rate at the site where they were sampled. The radioactive content of water is also associated with the type of rock with which it comes into contact (Llerena et al., 2013) . The results of different studies undertaken in Galicia -including a prospective study, albeit with few subjects -also point in this direction, particularly for stomach cancer (Barbosa-Lorenzo et al., 2016; Barbosa-Lorenzo et al., 2017) .
This analysis includes the greater part of the indoor radon measurements taken in Galicia. Spatial analysis, based on models which include radon levels and As content at their original sampling points as opposed to the location of the municipal centroid (misaligned data), takes into account the error of interpolation, an aspect not contemplated by Fig. 3 . Municipal distribution of stomach, lung and brain cancer mortality in Galicia, Spain. BYM modeling of mortality in men and women across a ten-year period. The maps depict the posterior mean relative risk (RR) for every town. Reference rates Galicia. Galicia 1999 Galicia -2008 kriging-based estimation. Moreover, such analysis includes the modeling of mortality with the BYM model, and is regarded as achieving high specificity (Richardson et al., 2004) .
This type of study design is prone to the presence of the problem known as "preferential sampling". In some studies the degree of sampling depends on the response. For example, it is more common to have stations collecting data on pollution in industrial than in rural areas. Sampling should not depend on the response, and in our case there is no apparent relationship between the distribution of the sampling points and radon levels (Fig. 1) . Nonetheless, a check was carried out to determine whether there was a preferential sampling issue in the data. To this end, we used a joint model for the sampling point pattern and the response (Diggle et al., 2010) . No significant relationship was observed between the proportion of population sampling points (samples/habitants) and the response random field (radon levels).
The results shown in Table 3 illustrate the importance of confounding effects in the analysis of radon. Adjustment for sociodemographic variables, altitude, and As content in soil is another of the strengths of this study. The inclusion of As as a confounder in the evaluation of radon has been addressed in some miner cohort and case-control studies (Yao et al., 1994; Kusiak et al., 1993) . There is also a tendency to have higher indoor radon concentration with altitude (Kropat et al., 2014) .
In terms of study limitations, it has to be said that this was an ecologic mortality study and that we lacked data on tobacco use in this population. Another limitation lies in the fact that the number of radon measurements was relatively low (3371) and that these were heterogeneously distributed among the different geographical entities, though this heterogeneity was taken into account in the sampling. The use of current measures as an indicator of radon exposure, assuming stable home occupation for many years, could be an important limitation, though in our case the assumption was in great measure fulfilled. The use of mortality as an outcome is influenced by the different relative survival rates of the respective tumors, though for lung, stomach and brain cancer these are very low, i.e., 10.7%, 25% and 20%, respectively (De Angelis et al., 2014; Visser et al., 2015) .
In 1999 the BEIR VI committee was of the opinion that ecologic studies of indoor-radon exposure and lung cancer were essentially noninformative and shed little light on the association between indoor radon-progeny exposure and lung cancer (NRCC-BEIR, 1999) . However, our results suggest that exposure to indoor radon and other related environmental agents (e.g., water with high radon levels) might have a role in the etiology of tumors other than lung cancer, at least in Galicia. This result is not an isolated one, since it is in line with those reported in analytic studies with different designs conducted on the same population.
In conclusion, the results show that a higher concentration of indoor residential radon in Galicia is statistically associated with higher lung, stomach and brain cancer mortality in women. These associations are biological plausible, and the results of other studies conducted on the same population point in this same direction, particularly in the case of stomach cancer. With respect to the relationship between radon and brain and stomach cancer, further analytic epidemiological studies are needed to confirm these results, and an assessment should be made of the advisability of implementing interventions targeting such exposure in higher-risk areas.
